The optical resonances of individual plasmonic dimer antennas are investigated using confocal darkfield spectroscopy. Experiments on an array of antennas with varying arm lengths and interparticle gap sizes show large spectral shifts of the plasmon modes due to a combination of geometrical resonances and plasmon hybridization. The resonances of the coupled-dimer antennas are considerably broadened compared to those of single nanorods, which is attributed to a superradiant damping of the coupled antenna modes. The scattering spectra are compared with electrodynamic model calculations that demonstrate both the near-field and far-field characteristics of a half-wave antenna. 
Introduction
The optical properties of small noble metal particles have been under investigation for many years [1] . Their optical response is governed by quasistatic oscillations of free electrons, which at characteristic frequencies in the visible give rise to a surface plasmon resonance. Small metal particles hold promise for many applications such as bio-labeling [2] and optical sensing [3] . On the other hand, surface plasmon polaritons on metal films are receiving attention for applications in optical data communication [4] . Between the limits of a small nanoparticle and a planar film, a surprisingly rich playground exists of complex plasmonic structures supporting either localized or propagating surface plasmon resonances, or a combination of both [5] . The mode spectrum of these complex plasmonic structures and their coupling to the radiation field is a topic of intensive theoretical and experimental studies [6] .
The regime of polariton-like modes has been investigated for elongated metal nanorods, supporting higher order longitudinal resonances in the visible and near-infrared [7] [8] [9] [10] [11] [12] . Due to their analogy with traditional radiowave antennas as convertor of electrical current to radiation, these resonant nanorods have recently been referred to as optical antennas [13, 14] . By coupling two resonant structures to form a dimer, it was shown that nonlinear optical phenomena can be greatly enhanced [13] [14] [15] . Which antenna design is the most suitable for specific applications, like field enhancement [13, 14, 16] or light extraction [15, 17, 18] , is a question of considerable Here, we present a systematic study of the simultaneous effects of particle length and gap width in dimer antennas on the far-field optical resonances. By performing spectroscopy on individual nanoantenna structures, we gain access to the homogeneous spectral width of the antenna modes. Our experimental results are supported by electrodynamic model calculations using the Green function surface integral equations in parametric form. We emphasize at this point a controversy in the literature concerning the origin and physics of the splitting of the plasmonic mode spectrum for cylindrical nanorods. For many years, metal nanorods have been described as ellipsoids using quasistatic Mie-Gans theory [19] [20] [21] . For an ellipsoidal metal nanoparticle, spectral resonance positions depend purely on aspect ratio combined with the characteristic dispersion of the metal dielectric funtion with frequency. The Mie-Gans description has both been supported [22] and questioned [23] using numerical discrete-dipole-approximation modelling for cylindrical-shaped nanorods. A strong dependence of the longitudinal resonance position on both the nanorod width and the endcap morphology was found [23] . In the electrodynamic antenna description, resonances are purely geometrical [8] [9] [10] [11] [12] [13] 24] , and exist even for a perfect conductor. The confinement of plasmon polaritons inside the rod-like structure results in a nontrivial dependence of these spectral resonances on the length of the rod, on its radius, and on the finite permittivity at optical wavelengths [9, 10, 13, 24] . A precise understanding of plasmon resonances in this regime is of importance for many applications in nanophotonics.
Sample fabrication
Individual nanoantennas are fabricated using high-resolution electron-beam lithography. The substrate is a silicon wafer covered by a 500-nm layer of thermally grown silica. Nanoantennas were formed by deposition of a 20-nm gold film on the patterned surface followed by liftoff in acetone. Scanning electron microscopy (SEM) images of an array of nanoantennas are shown in Fig. 1(a) , with magnified images of individual nanorods and dimer antennas numbered 1-4. In the array, the antenna arm length, L, is varied in the vertical direction, while the antenna gap width, Δ, is varied in the horizontal direction. The first column on the left contains single nanorods, as shown in images 1 and 2. The second column contains structures of two nanorods which are overlapping because the designed particle separation was too narrow for the liftoff process to succeed (image 3). The antennas with the smallest gaps have a separation Δ of 20 nm, as shown in image 4 of Fig. 1(a) .
For further experiments, the structures were covered with a 20 nm thin dielectric layer consisting of a 10 nm sol-gel silica film and a 10 nm polyvinylbutanol layer. Together with the silica substrate, this results in a nearly homogeneous embedding of the antennas in a medium with a dielectric constant ε m of ∼ 2.25.
Experiments
The plasmonic modes of individual antennas are characterized by scattering spectroscopy using scanning confocal microscope in darkfield configuration. The illumination geometry consists of a cone of grazing-incidence wavevectors defined by the ∼0.95 NA illumination ring. Scattered photons are collected by a 100×, 0.9 N.A. objective and detected, after confocal filtering, by an avalanche photodiode. Figure 1(b) shows the scattered intensities of individual antennas around a wavelength of 730 nm, for a polarization parallel to the antenna axes. The antenna with the highest intensity for each column in Fig. 1(b) is indicated by a red circle. Clearly, this maximum does not occur for the antennas with the largest particle size, indicating a resonance in the scattering cross section. For small gap widths Δ < 50 nm, the maximum shifts to smaller arm lengths L. Antennas with arms that are overlapping do not scatter light at the selected wavelength since these can be considered as a single nanorod with resonances in the infrared [26, 28] .
A more detailed investigation was made by measuring the spectrally resolved scattered intensity of individual nanoantennas, using a spectrometer equipped with a high-sensivity CCD camera. Single-antenna spectra were integrated over 30 s and corrected for a background. To increase the signal quality, spectral channels were summed over a bandwidth of 5 nm. Figure 2 (a-h) shows the resulting scattering spectra of single nanorods with lengths L varying between 70 nm and 140 nm, for polarization parallel (line, black) and perpendicular (dashed line, red) to the antenna long axis. The longitudinally polarized spectrum of Fig. 2 (a) was normalized to its maximum, subsequently all other spectra, both longitudinal and transverse, were multiplied by the same amplitude scale factor, thus preserving the relative amplitude information. The two polarizations yield two different resonances corresponding to longitudinal and transverse modes of the nanorods. For the nearly square 70 × 60 nm 2 particle, the resonances are nearly degenerate. For nanorods with increasing lengths, the longitudinal mode shifts to longer wavelengths while the transverse resonance is unaffected. With a quality factor of around 7, the observed single-antenna resonances are considerably broader than those of chemically prepared nanorods in the quasistatic limit, where factors up to 25 have been reported [21] . Our results are reproduced by theoretical calculations [see Fig. 2(i-p) ] as discussed below. We find reasonably good agreement in spectral resonance positions using the dielectric response function of gold from Ref. [25] . Similar to the experimental spectra, all vertical scales have been rescaled using an amplitude scale factor obtained from normalization of the maximum of the longitudinal mode of Fig. 2(i) . Good agreement between experiment and calculation is obtained for the relative amplitudes of the longitudinal and transverse modes for each individual nanorod, as well as between the different nanorods.
Effects of arm coupling are investigated in Fig. 3(a-h) , where we present the scattering spectra of dimer antennas with a gap Δ of 20 nm and arm lengths L between 70 nm and 140 nm. The spectra were rescaled vertically using the same amplitude scale factor as in Fig. 2(a-h) . The longitudinal modes of the dimer antennas are redshifted by approximately 50 nm with respect to the modes of the single nanorods, and are considerably broadened by ∼50%, as is most clearly seen for the L = 70 nm antenna. For antenna lengths above L = 110 nm the spectral position of the longitudinal mode are located outside the experimentally accessible spectral window. For the dimer antennas we found larger particle-to-particle variations than for the single nanorods, which we attribute to enhanced sensitivity of the mode structure to small deviations in particle geometry and interparticle coupling. Theoretical calculations, shown in Fig. 3(i-p) , are described further below. These calculations reproduce the overall general features of resonance shift and broadening, although some quantitative differences are clearly observed due to the mentioned experimental variations. Figures 4(a,b) show the spectral positions of the longitudinal (circles) and transverse (squares) modes against L for single nanorods [ Fig. 4(a) ] and for coupled dimer antennas [ Fig. 4(b) ].
Electrodynamic model calculations
To validate our experimental results, the plasmon modes of dimer nanoantennas are calculated using a scattering formalism based on Green's theorem surface integral equations in parametric form. For a rectangular parallelepiped illuminated along one of its principle axes, the induced components of the electric field are mostly located in the plane perpendicular to this axis along the polarization direction. Therefore, a rectangular rod can be approximated by a twodimensional calculation [13, 29] . The corresponding 2D-geometries are a 20 × L nm 2 rectangular slab for the longitudinal resonance, and a 20 × 60 nm 2 rectangular slab for the transverse resonance, as shown schematically by the configurations in Fig. 5 . In both cases we assume incidence normal to the long axis of the effective 2D rectangle, with an electric field along the long axis. The lines in Figs. 2(i-p) show the calculated scattering cross sections for the cases corresponding to longitudinal (lines, black) and transverse (dashed lines, red) polarizations, for a dielectric constant of the surrounding medium ε m = 2.25. The calculated resonance positions for different particle lengths are indicated by the black lines in Fig. 4 . Note that in the calculations all the parameters are fixed; reasonably good agreement is obtained without fitting. For comparison we have also fitted the data using the quasistatic Mie-Gans model using an ellipsoid with dimensions of 60×20×L nm 2 [c.f. red dashed lines in Fig. 4(a) ]. The transverse resonance in this case shows a blueshift, caused by the coupling of the three depolarization ratios of the ellipsoid. Within the experimental error no frequency shift is observed for the transverse mode of the single nanorods [black squares in Fig. 4(a) ]. However, the exact behavior will depend sensitively on slight variations in the metal dielectric function and the particle height, therefore no definitive conclusions can be drawn in this respect.
For the dimer antennas, the longitudinal resonance wavelengths [circles in Fig. 4 the limited accessible spectral window. This is in quantitative agreement with our calculations [solid line in Fig. 4(b) ] and with work on coupled rotation-symmetric rods supporting geometrical resonances [12] . Earlier experimental work on dimers has focused on cylindrical and elliptical (pillbox-shaped) particles with fixed aspect ratio [26, 27, 30, 31] . The spectral redshift of the longitudinal mode of interacting particles in general is well understood and has been described in terms of plasmon hybridization [32] . In contrast to cylinders [30, 33] , we do not observe an orthogonal hybridization of the transverse mode. The strong broadening of the longitudinal mode for coupled particles is consistent with the superradiant damping of two coherently coupled, in-phase dipole oscillators. Using the 2D scheme, the longitudinal mode spectrum has been calculated for all combinations of L and Δ of Fig. 1 . Figure 6 shows the resulting longitudinal resonance positions. The red circles represent combinations (L,Δ) extracted from Fig. 1(b) for which an intensity maximum occurs at λ = 730 nm. This is done by interpolating the maximum of L from the data points at fixed value of Δ. The points follow well the calculated contour at λ = 730 nm, indicated by the red line. We also show results taken at λ = 660 nm (white squares). spectral resonance positions in a broad range of antenna parameters. Clearly many combinations of L and Δ result in the same spectral mode position. However, the near-field mode profile will depend strongly on the dimensions of the antenna gap [12, 13, 18] .
A good illustration of the short range of the interaction between the two antenna arms is shown in Fig. 7(a) . This is a cut through Fig. 6 showing the extinction spectra for a L = 100 nm dimer antenna as a function of the gap size Δ, normalized to the maximum at Δ = 100 nm. The effect of particle coupling on the resonance wavelength increases steeply below Δ = 50 nm. A small reduction of the resonance cross section of about 8% is observed around Δ = 40 nm, of which we currently do not know the physical origin. The open circles in Figs. 7(b,c) show the calculated position and width of the plasmon resonance as a function of antenna gap size Δ. The values for the single nanorod, as extracted from Fig. 2(m) , are indicated by the horizontal dashed lines in Fig. 7(b,c) . The resonance wavelength λ 0 converges to that of the uncoupled antenna within Δ = 100 nm, with a slight overshoot to the blue side due to the transition from the near-field to far-field coupling regimes [30] . We have fitted an exponential dependence on Δ of the resonance wavelength [thick line, black in Fig. 7(b) ] and obtained a decay length of 23.7 ± 0.8 nm. A fit using the dipole-dipole 1/R 3 interaction [dashed line, red in Fig. 7(b) ] shows less good agreement with the full electrodynamic calculations, indicating that higherorder multipole interactions play a dominant role. The resonance width Δλ FWHM [c.f. Fig. 7(c) ] converges much slower to its value for the uncoupled antenna with a decay length of 67.7 ± 0.5 nm, which we discuss below.
The exponential decay of the spectral resonance shift within tens of nanometers is consistent with earlier observations [27, 31] , and is representative for the short range of the interparticle coupling. The large difference in decay lengths between the spectral resonance shift and the linewidth indicates that the broadening does not only depend on the interparticle coupling. We have interpreted this broadening in terms of superradiance of the dimer antennas. Superradiance means that two in-phase oscillating dipoles loose their energy twice as fast due to the coherent addition of their dipole moments [34] . For the coupled antennas this coherence is induced by particle interactions. However, in the current configuration, the antenna arms are driven in-phase by the incident light field, both in the case of uncoupled and coupled antennas. The typical length scale over which two point dipoles add coherently without retardation is λ 0 /4. This relation between the superradiance length scale and the optical wavelength may be modified for the extended charge distributions in the antennas. We find a 10% increase of the characteristic decay length of the resonance width with the interparticle separation when increasing the antenna size L from 70 nm to 110 nm (not shown), which correlates well with the corresponding shift of the plasmon resonance wavelength λ 0 . This indicates a weak contribution of geometric effects on the superradiance length scale in the size regime under study.
As it is shown next, the coherent addition without retardation of the scattered intensity by the two arms of a nanoantenna should be differentiated from the breakdown of the quasistatic approximation for the plasmon resonance, which is a result of the strong reduction of the plasmon wavelength in the metal [12, 13, 17, 24] . The model calculations provide, next to the scattering cross-sections, also the optical near-fields and the far-field radiation pattern of the antenna. Figure 8 (a) shows these for a strongly coupled antenna (Δ = 20 nm, L = 100 nm) at resonance, for an incident plane wave as indicated in the figure. The intensity near-field enhancement (shown on a logarithmic scale) reaches 10 2 in the center of the antenna gap. Inside the antenna, the intensity drops to zero at the longitudinal edges of the arms, which is indicative of a half-wave resonance; a quasistatic mode would show a constant internal field. Further evidence of the non-validity of quasistatic models to describe the scattering by nanoantennas is obtained from the corresponding far-field emission pattern, shown in Fig. 8(b)(thick line, red) . For comparison we plotted radiation patterns of a point dipole (dash-dotted line, blue), and a half-wave antenna (dashed line, black). Clearly, the antenna pattern corresponds to that of a half-wave dipole antenna, which has a more directional emission than a point dipole due to interference of the radiation emitted over the total antenna length.
In conclusion, we have studied both experimentally and theoretically the scattering of single plasmonic nanoantennas. Darkfield spectroscopy showed a clear dependence of the longitudinal mode on antenna arm length and on gap width for dimers. We have used two-dimensional electrodynamical calculations using the Green's function surface integral equations to reproduce the experimental spectra. The observation of broad homogeneous resonance linewidths for the single antennas is consistent with strong superradiant damping. This radiative efficiency leads to efficient coupling of far-field light from a diffraction limited spot into a near-field mode volume [14] . Additionally, strong radiative damping may result in the suppression of ohmic losses, which in combination with the strong spatial mode confinement in the antenna gap may be extremely suitable for spontaneous emission enhancement of light emitters [18] .
